We determine the gluon and ghost spectral functions along with the analytic structure of the associated propagators from numerical data describing Landau gauge correlators at space-like momenta obtained by either solving the Dyson-Schwinger equations or through (quenched) lattice simulations. Our novel reconstruction technique shows the expected branch cut for the gluon and the ghost propagator, which, in the gluon case, is supplemented with a pair of complex conjugate poles. The possible implications of the existence of these poles are briefly addressed.
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Introduction. As a consequence of the self-interactions of gauge fields, SU(N C ) non-Abelian gauge theories are asymptotically free, i.e., the coupling constant which controls the strength of their interactions decreases as the momentum scale increases [1, 2] . This characteristic behavior persists even when matter particles are added, provided that their number N f is less than a critical value (11N C /2 at leading order, which is further reduced by non-perturbative effects, see, e.g. [3] ). This is indeed the case for Quantum Chromo-Dynamics (QCD), the theory thought to describe the strongly interacting sector of the Standard Model, in which one has N C = 3 (resulting in 8 adjoint gluons) and N f = 6 (corresponding to 6 fundamental quark flavors). The converse is also true: the QCD interaction strength grows with the separation between gluons and quarks. The theory is confined: colored states, like isolated gluons and/or quarks, do not appear in its spectrum.
Lacking direct access through experiments, confined particles have to be studied by theoretical ab-initio means. The quantity of choice here is their 2-point correlation function (the so-called propagator), which, in the last decade, has been extensively studied through both discrete (lattice regularized) [4] [5] [6] [7] [8] as well as continuum [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] methods. When the theory is quantized in the Landau (viz. a covariant [25] [26] [27] [28] [29] ) gauge, and only the space-like Euclidean momentum region q 2 ≥ 0 is considered, both methods agree: in the case of the (transverse) gluon propagator ∆ µν (q) = (g µν − q µ q ν /q 2 )∆(q) they describe a scalar cofactor ∆(q) that saturates in the deep infrared (IR) to a constant non-vanishing value, ∆(0) = 1/m 2 gl > 0, which can be interpreted as being due to the dynamical generation of an effective gluon mass [9, [30] [31] [32] . For the ghost particle (which appears as a consequence of the gauge fixing procedure) it is rather the dressing function F (q) = q 2 D(q), with D the ghost propagator, that saturates: the ghost remains non perturbatively massless [11] .
Knowledge on the full propagator is often equalled with having solved the underlying theory. It is the central object in the calculation of equilibrium as well as dynamical observables with applications ranging from the determination of the hadron and glueball spectrum to the calculation of transport coefficients of the quark gluon plasma. The determination of the full propagator and its analytic structure in the complex plane is therefore indispensable.
But how does the analytic structure of these correlators look like? Consider for simplicity the pure glue theory in which the only dynamical scale is Λ QCD . Then, perturbation theory implies that, whenever the condition
1 is met, one has at leading order [33] 
where Z gl and Z gh are dimensionless renormalization constants and γ and δ are the (one-loop) anomalous dimensions (with γ = 13/22 and δ = 9/44 for N f = 0, which we will assume to be the case in the ensuing analysis). Accounting for the perturbative logarithmic running in the ultraviolet (UV) momentum region, requires the presence of a branch cut structure for real and time-like q 2 momenta. The presence of this cut, without any additional singularities in the complex plane, would in turn allow for the usual Källén-Lehmann representation by which the full propagator is expressed as an integral over the (free) propagator with a spectral density depending on the frequency ω.
In fact, owing to the axioms of local quantum field theory [34] , any 2-point correlation function must be an analytic function in the cut complex q 2 -plane with singularities along the time-like real axis only [35] ; for any other singularity structure to be present, e.g., (simple) poles, one or more of these axioms, typically local space-like commutativity, i.e., causality, needs to be relaxed. As has been discussed in [36] [37] [38] , however, although causality might be violated at the level of the 2-point functions in such cases, the corresponding S-matrix remains both causal and unitary. One might also argue [15] that strict locality may be too strong a requirement for physical theories displaying confinement, in view of nonlocal complications like, e.g., the Gribov-Singer ambiguity [39, 40] . Furthermore, several phenomenological models predict the appearance of complex simple poles (which are bound to materialize in conjugate pairs, for the propagator is real at space-like momenta) in the gluon propagator [12, 41, 42] , see also [39, 43, 44] . Further evidence for their existence has been found in the quark sector where the Nakanishi representation [45] [46] [47] perfectly describes contemporary solutions of the quark gap equation [48] using the most sophisticated quark-gluon kernel available [49, 50] (see also [51, 52] ).
Thus, to ascertain whether or not such complex conjugate poles appear in the analytic structure of QCD propagators, a method that assumes no (or at least as minimal as possible) prior knowledge on such structures is needed. There are several numerical continuation methods available in the literature that aim at obtaining the best possible reconstruction of spectral functions: for example, the Maximum Entropy Method [53] [54] [55] , the Burnier-Rothkopf method [56] , the Backus-Gilbert (BG) method [55, 57, 58] , or a Tikhonov regularization [59, 60] , which allows to probe unphysical (non positive-definite) spectral densities, see also [61] . However, as all these reconstruction techniques rely on the standard Källen-Lehmann-type spectral representation, they ignore the possible presence of additional structures in the complex plane. The purpose of this letter is to describe a novel numerical analytic continuation tool allowing for this possibility, and apply it to the available continuum and lattice data for the gluon and ghost propagators in order to obtain their respective spectral functions together with the corresponding analytic structure in the complex q 2 -plane.
Generalized spectral representation and reconstruction method. In the presence of n complex conjugate pairs of simple poles located at q i and q * i (i = 1, .., n) and with residue R i and R * i , the usual Källén-Lehman spectral representation gets generalized to
where q refers now to the energy-component and ρ D is the (non-positive definite) spectral density defined at real frequencies ω, with → 0 + , see also [62, 63] . As D(q) ∼ 1/q 2 in the IR, for the ghost particle we will study the spectral function associated to its dressing function ρ F rather than ρ D , the two being related by
. We also note that assuming q 2 ∆(q) → 0 for q 2 → ∞, as required by perturbation theory, implies a modified version of the usual OehmeZimmermann superconvergence (OZS) relation [64, 65] , which now becomes ∞ 0 dω ωρ D (ω) + 4π i Re R i = 0, and reduces to the usual one only for the case in which the poles are purely imaginary.
The proposed reconstruction algorithm to determine ρ ∆ and ρ F is a variant of the Schlessinger Point Method (SPM) which is based on a rational-fraction representation similar to Padé approximants [66] . Given a set of N input points (q i , y i = D(q i )) one first constructs a continued fraction representation of the propagator:
where the coefficients a i are recursively evaluated such that the function D(x) acts as an interpolation through all the points, i.e., D(q i ) = y i , i = 1, 2, . . . , N (see [66] [67] [68] for details). Once the function D(q) is determined, its analytic continuation is defined as the meromorphic function obtained by allowing the originally real q to take on complex values; the corresponding spectral function, ρ D , can be then evaluated using Eq. (1). The quality of the reconstructed spectral function can be assessed by inserting ρ D in Eq. (1) and comparing the resulting propagator D ρ with the original one by means of a suitable norm, the simplest one turning out to be
We note that the OZS relation is not used to further constrain the spectral function in this work since we focus on intermediate energies and since the reconstructed spectral function by definition asymptotically behaves like 1/ω, giving rise to a divergent integral. For further details on the algorithm, in particular on the determination of optimal points to choose as input for the SPM, we refer to the Supplemental Material.
We proceed with a model application of the algorithm in order to demonstrate its capabilities. For this purpose, we generate mock propagator data consisting of 100 points (q i , y i ) in the range q i ∈ [0.01, 10] GeV, using Eq. (1) with a Breit-Wigner spectral function
2 )] with M = 4Γ = 1 GeV and supplemented with a pair of complex-conjugate poles located at q 2 1 = −1 ± i GeV 2 with residue R 1 = 1. Finally, we add a statistical error to the input data through y i → y i (1 + εr i ) with ε = 10 −3 and r i a random number drawn from a normal distribution with zero mean and unit standard deviation. Results are shown in Fig. 1 . As can be seen, not only is the method capable of determining the correct ρ D and the corresponding propagator D ρ , but also identifies the correct location of the poles in the complex q 2 -plane. Notice also that the presence of a branch cut, which has to be expected on analytic grounds due to a square root term appearing when integrating the Breit-Wigner spectral function, is also correctly identified through the sequence of poles visible on the negative real axis. In fact, the reconstruction of the meromorphic structure of the function is possibly the most stable result that the algorithm gives: increasing the error rate ε results in a loss of precision in locating the peak position and height of ρ D , but one will still get a reliable estimate on the cut and pole positions. Results. Our results for the gluon spectral function 1 ρ ∆ are shown in Fig. 2 , in which the upper panels correspond to input points obtained from the numerical solution of the Dyson-Schwinger (DS) system for the gluon and ghost two-point functions [16] , whereas the lower panels use as input the 64 4 at β = 6.0 lattice results for SU(3) Yang-Mills theory of [8] . Qualitatively the spectral functions behave in the same way, approaching large (UV) and small (IR) frequencies from the negative region as required [70] , and displaying the same peak sequence; in addition, the negative contributions to 1 To ease the comparison between different results, we normalize both the DS and lattice data so that for the gluon propagator (respectively, the ghost dressing function) we have ∆(0) = 1 [GeV −2 ] (respectively, F (0)=1). Notice that this procedure has nothing to do with renormalization, e.g., it is known that it is not possible to renormalize F to be unity at q = 0 without violating symmetry identities [69] . the spectral function confirm the confined nature of the gluon, removing it from the asymptotic spectrum of the theory. The reconstructed propagators obtained from applying Eq. (1) reproduce the input data well (with residuals at the 10 −3 level, see insets in the middle panels). Perhaps, the most striking resemblance between the two cases can be found in the reconstructed analytic q 2 structure: in both one finds a branch cut singularity at the ghost threshold Re q 2 ≤ 0 and a single pair of complex conjugate poles located at q 2 1 ≈ −0.2 ± 0.3i GeV 2 (DS) and q 2 1 ≈ −0.3 ± 0.5i GeV 2 (lattice). The presence of these poles also makes clear the quantitative difference between the two spectral functions: since the residue is larger in the lattice case with respect to the DS one, more weight for the reconstruction of the propagator is carried by the poles in the former case. Notice that these results are qualitatively different from the ones reported in [16] for the DS data and in [60] for the lattice data, where the only analytic structure found was a branch cut.
Even though the gluon is not a regular massive particle, knowledge of ρ ∆ allows for defining a renormalization group invariant effective gluon mass m gl . Even though this notion has proven useful over time, see, e.g., [9, 16, [71] [72] [73] [74] [75] [76] [77] [78] [79] , it should be clear that m gl is not an observable; rather, it coincides with the scale at which positivity violation appears. From the zero crossing of the spectral function (see insets of the left panels) we can estimate m gl ≈ 0.4 ± 0.1 GeV from the DS data, whereas for the lattice data we obtain m gl ≈ 0.6 ± 0.2 GeV.
These values are compatible with available theoretical and phenomenological estimates of the RG effective gluon mass [9, 16, [71] [72] [73] [74] [75] [76] [77] [78] , and, in particular, with the estimate m gl ≈ 0.5 GeV obtained when evaluating the processindependent QCD effective charge [69, 80] analogue of the quantum electrodynamics Gell-Mann-Low effective coupling [79] .
We note that a qualitatively similar behavior is observed when analyzing data on the gluon propagator obtained in [21] . This data corresponds to a Landau gauge gluon propagator of the so-called scaling type, i.e., a type of solution of the DS system that is characterized by the IR power laws ∆(q) ∼ (q 2 ) 2κ−1 and F (q) ∼ (q 2 ) −κ with κ ≈ 0.58 [21] . While in [70] a modified Breit-Wigner Ansatz was used to reconstruct the gluon spectral function, which by definition excludes the presence of poles in the q 2 plane, applying the SP method yields a clear signal for complex conjugate poles at q Turning to the ghost sector, the spectral function for the ghost dressing function ρ F is shown in Fig. 3 with the upper (lower) panel corresponding to the DS (lattice) data. The spectral function shows a qualitatively similar behavior to the gluon case, albeit with larger uncertainties. Notice also that the IR asymptotics obtained from the lattice data looks opposite with respect to the one coming from analysis of the DS data, where the latter, however, should be considered to be more reliable, due to the smaller uncertainties. The analytic structure in the complex q 2 -plane shows the presence of only a branch cut (barring some spurious poles that can be seen in the lattice case due to the lower precision), starting at zero as was already the case for the gluon. This has to be expected, due to the presence of the ghost gluon vertex and the fact that the gluon, being no ordinary massive particle, carries spectral weight down to arbitrarily small energies, as can be seen in Fig. 2 .
Conclusions. Using a novel numerical procedure we have determined the SU(3) Yang-Mills gluon and ghost spectral functions from available DS and lattice data for the corresponding 2-point functions. While in the ghost case the only analytic structure identified in the complex q 2 -plane is a branch cut, in the gluon sector we have unveiled the presence of an additional pair of complex conjugate (simple) poles. The strength of the signal in our numerical procedure coupled to the fact that the same pole singularities appear when analyzing both the DS continuum results as well as the lattice regularized data, suggest that their presence is a characteristic of the gluon 2-point function rather than an artifact.
As we are confident that this result will stand further scrutiny using the available data and methods, we think that it calls for a thorough reassessment of DS equation truncation schemes as well as gauge-fixing procedures for lattice-regularized simulations (it is known for example that changing the vertex in the quark gap equation can significantly alter the singularity structure of the solutions, see e.g., [81] ). Confirmation of the poles' presence as a truncation/gauge fixing independent feature of the gluon propagator would then have far-reaching consequences. At the theoretical level one would be tempted to conclude that Yang-Mills theories break locality nonperturbatively; at the phenomenological level it would instead provide a new microscopic foundation for building better models of the gluon and ghost propagators leading to the development of quark-gluon kernels with the potential of describing QCD bound-states, form factors, parton distribution amplitudes and functions, at the degree of precision required by the upcoming experimental efforts, including the 12 GeV Jlab upgrade, LHCb and/or the next generation e − e + colliders.
